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Abstract: There is no consensus about the rate and style of clay mineral diagenesis in progres-
sively buried sandstones v. interbedded mudstones. The diagenetic evolution of interbedded Mio-
cene sandstones and mudstones from the Vienna Basin (Austria) has therefore been compared
using core-based studies, petrography, X-ray diffraction and X-ray fluorescence. There was a com-
mon provenance for the coarse- and fine-grained sediments, and the primary depositional environ-
ment of the host sediment had no direct effect on illitization. The sandstones are mostly lithic
arkoses dominated by framework grains of quartz, altered feldspars and carbonate rock fragments.
Sandstone porosity has been reduced by quartz overgrowths and calcite cement; their pore-filling
authigenic clay minerals consist of mixed-layer illite–smectite, illite, kaolinite and chlorite. In
sandstones, smectite illitization progresses with depth; at 2150 m there is a transition from ran-
domly interstratified to regular interstratified illite–smectite. The overall mineralogy of mudstones
is surprisingly similar to the sandstones. However, for a given depth, feldspars are more altered to
kaolinite, and smectite illitization is more advanced in sandstones than in mudstones. The higher
permeability of sandstones allowed faster movement of material and pore fluid necessary for
illitization and feldspar alteration than in mudstones. The significance of this work is that it has
shown that open-system diagenesis is important for some claymineral diagenetic reactions in sand-
stones, while closed-system diagenesis seems to operate for clay mineral diagenesis in mudstones.
Although there have been numerous separate stud-
ies of both sandstone and mudstone burial diagene-
sis, relatively little research has been carried out or
documented on the comparative clay mineralog-
ical relationships of interbedded sandstones and
mudstones. For example, existing publications have
not revealed a systematic pattern for the occurrence
and rates of smectite illitization in interbedded sand-
stones and mudstones (McKinley et al. 2003). Three
different smectite illitization scenarios have been
proposed: (i) illitization occurs at a similar depth
in sandstones and mudstones (Hugget 1996); (ii)
illitization occurs at a slower rate in sandstones
than in mudstones (Boles & Franks 1979; Howard
1981; Niu & Ishida 2000); and (iii) illitization
occurs at a faster rate in sandstones than in mud-
stones (Hillier et al. 1996; Ko & Hesse 1998). The
last scenario has been mainly attributed to higher
permeabilities in sandstones compared to mud-
stones and/or the effects of circulating higher tem-
perature fluids, suggesting the need to understand
the effects of an open system v. a closed system
on changes in clay mineralogy.
The illitization of smectite is controlled by a
number of factors, including temperature, pressure,
porosity and permeability (McKinley et al. 2003).
Illitization also requires the availability of potas-
sium in the pore fluid (Weibel 1999), which typi-
cally is assumed to have been derived from the
dissolution or alteration of K-feldspar or muscovite
(Hower et al. 1976). Differences in reaction rates of
specific smectite compositions are also considered
to play an important role (McKinley et al. 2003).
One of the products of the smectite to illite trans-
formation in mudstones is quartz, which can be
precipitated as microcrystalline quartz within the
mudstone matrix (Peltonen et al. 2009; Thyberg
et al. 2010; Thyberg & Jahren 2011) in closed sys-
tems or as cements in adjacent sandstones in open
systems (Lynch et al. 1997; Thyne 2001).
The primary composition of both the sandstones
and the mudstones plays an important role not only
for illitization of smectites but also for the authigen-
esis of kaolinite. Arkosic sandstones have a higher
potential to produce kaolinite cement than quartz
arenites (Worden & Morad 2003).
From: Armitage, P. J., Butcher, A. R., Churchill, J. M., Csoma, A. E., Hollis, C., Lander, R. H., Omma, J. E. &
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Understanding the reaction from smectite to
illite is of economic importance, especially for
the petroleum industry, because sandstones that
contain smectite normally have a poor reservoir
quality. In some cases, sandstone reservoir quality
might be improved by the illitization of smectite
because illite has a lower specific surface area
than smectite (Bjørlykke & Jahren 2010). In fine-
grained facies, the change from smectite to illite
also causes an increase in rock density and seismic
velocity, and this constitutes the first seismically
important mineral reaction in mudstones. The smec-
tite to illite reaction has several implications for
mudstones. Weak smectite is replaced by stiffer
illite. The reaction creates free water and the vol-
ume of solids is decreased because illite has a higher
density than smectite. Quartz is produced as a by-
product and porosity may be reduced by chemical
compaction (Avseth 2010). All of these have an
effect on seismic signatures, and must be considered
as input controls and parameters for rock physics
modelling.
Extensive geological research has been carried
out in the Vienna Basin (Fig. 1) for more than
150 years (Sauer et al. 1992). Oil and gas explora-
tion activities started in the early twentieth century
and the first hydrocarbon discoveries were made in
the early 1930s. Since then, more than 6000 wells
have been drilled (Arzmu¨ller et al. 2006) and signif-
icant parts of the basin have been covered with two-
dimensional (2D) and, more recently, 3D seismic
data. This extensive dataset over the basin has per-
mitted detailed studies of the structural evolution
and stratigraphy of the basin and its depositional
environments, and also the diagenesis of the sedi-
mentary basin fill.
Fig. 1. Location map of the Vienna Basin and surrounding areas (adapted from Wagreich & Schmid 2002). The
studied Aderklaa 78 well is highlighted.
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The Aderklaa 78 well (Figs 1 & 2), utilized in
this study, was drilled by OMV Aktiengesellschaft
in 1958. This well had a comprehensive data acqui-
sition programme, which, in addition to wireline
logging, included the coring of long intervals. The
Aderklaa 78 well reached its final depth of 2851 m
in Upper Triassic dolomites of the Alpine–Carpa-
thian fold and thrust belt. Extensive coring was car-
ried out in the Neogene basin fill, which here has
allowed a detailed study of the diagenetic evolution
of the interbedded sandstones and mudstones, and
an assessment of the controlling parameters, such
as temperature, depth, depositional environment
and primary lithologies.
The specific objectives of this study are to: (1)
characterize the diagenesis of the sandstones and
mudstones; (2) compare clay mineral evolution in
progressively buried interbedded sandstones and
mudstones; and (3) document lithological influences
and the control of the depositional environment on
progressively modified clay minerals, especially
on mixed-layer illite–smectite.
Geology
The Vienna Basin (Fig. 1) is located in the NE part
of Austria, extending into Slovakia and the Czech
Republic. The NE–SW-trending Vienna Basin has
a rhomboidal shape, and is approximately 200 km
long and 40 km wide. It is a classic pull-apart
basin and formed along a sinistral fault system dur-
ing the lateral extrusion of the Eastern Alps (Royden
1985). Maximum sediment thickness in the depo-
centres is up to 5500 m. The present-day geothermal
gradient in the Vienna Basin is 308C km21 (Sach-
senhofer 2001).
During the first phase of its evolution in the
Early Miocene, the Vienna Basin formed as a
piggy-back basin on top of the thrusted and imbri-
cated nappes of the Alpine–Carpathian fold and
thrust belt. The second phase of basin formation,
the classic pull-apart phase, started in the Middle
Miocene and continued until the Late Miocene,
where east–west compression led to basin inversion
(Decker & Peresson 1996). This was followed
Fig. 2. Stratigraphic sequence of Miocene sediments from the Aderklaa 78 well. Depositional environments range
from limnic-fluviatile in the Karpatian, marine in the Badenian, brackish in the Sarmatian to limnic in the
Pannonian. These are stages of the Central Paratethys and correspond to the Burdigalian–Tortonian stages of the
international timescale. The third column from the left gives the local lithostratigraphic units. The positions of
studied sandstone samples are indicated in bold; mudstone samples in normal font. Depths are given as relative
depth in m (below kelly bushing).
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by east–west extension from the Pleistocene to
present times.
The Neogene basin, and the thrusted and imbri-
cated units of the Northern Calcareous Alps and
the Flysch, are underlain by an autochthonous,
passive-margin sequence. There, crystalline base-
ment is overlain by a predominantly Jurassic sedi-
mentary section. Thin Cretaceous and Palaeogene
sediments unconformably overlie this section. The
main hydrocarbon source rock of the Vienna
Basin, marls of the Malmian Mikulov Formation,
belongs to this sequence. Triggered by thrusting,
the source rock entered the oil window in the
EarlyMiocene. Its further maturationwas controlled
by local subsidence of the Neogene basin. Depend-
ing on its location, the present-day maturity of the
source rock ranges from being in the oil window
to overmature. The present-day depth of oil genera-
tion is between 4000 and 6000 m (Ladwein 1988).
Neogene sedimentation in the Aderklaa 78 well
started with the Lower Miocene, Karpatian sedi-
ments of the Aderklaa Formation. These sediments
are predominantly mudstones and marls, and are
interpreted to be of limnic-fluviatile to lacustrine
origin (Seifert 1996). An increase in sand content
towards the top of the Aderklaa Formation reflects
the progradation of a delta system. An inversion
phase, coinciding with a change from piggy-back
to rhombic pull-apart basin development at the end
of the Early Miocene, stopped sedimentation and
caused uplift and erosion (Ho¨lzel et al. 2010). Sub-
sequently, braided river sediments of the ‘Aderklaa
Conglomerate’ were deposited on the peneplained
surface.
Afterwards, fully marine conditions were estab-
lished as the Vienna Basin connected with the
Paratethys via a seaway through the Pannonian
Basin. Throughout most of the Middle Miocene
(Badenian), fully marine conditions predominated.
Depositional environments alternated from shaly
and marly basin floors to sandy delta-front and slope
environments. Prograding and retrograding delta
systems caused the alternation of sandstones and
mudstones. A regional sea-level highstand was
reached during ‘Spiroplectammina’ times, when
carbonate deposition took place on regional highs.
In Aderklaa 78, the lower two units of the Badenian,
the Upper and Lower Lagenid zones, reveal a signi-
ficant influx of sand, whereas the upper two units,
the Buliminia Rotalia and the Spiroplectammina
zones, are dominated by shaly and marly sediments.
Regionally, delta progradation culminated at the
Badenian–Sarmatian boundary. Depositional envi-
ronments for the Sarmatian remained basinal to
delta front and slope. However, conditions changed
from open marine to restricted marine and brachy-
haline. The basin reached its maximum extent and
subsidence slowed down (Seifert 1996). During the
Pannonian, the basin got completely cut off from
the Paratethys and an extensive freshwater lake
developed. Pannonian sediments were deposited in
delta-front to delta-plain environments.
Net sand in Aderklaa 78, derived from a sponta-
neous potential (SP) log, reaches maximums in the
Upper and Lower Lagenid zones with 22 and
65%, respectively. In contrast, sediments of the
Aderklaa Formation, the Sarmatian and the lower
Pannion have sandstone–mudstone ratios of 8–
13%. No sandstones can be identified on the SP
log in the Buliminia Rotalia and the Spiroplectam-
mina zones.
Materials and methods
Samples were taken from cores that were cut from
Miocene sediments at depths of between 780 and
2803 m in the Aderklaa 78 well (Fig. 2). Resistivity
and SP logs were available for the whole well. Tem-
perature measurements were taken from the surface
to 1999 m. In addition, macroscopic core descrip-
tions and compiled cutting descriptions could be
accessed.
Thirty-four sandstone samples and 23 samples
from intercalated mudstone intervals were avail-
able. Special emphasis was given to 23 samples of
sandstone–mudstone pairs where both lithologies
were in close vertical proximity, with distances
varying between 0.1 and 1 m. The samples were
compared using thin-section microscopy, X-ray dif-
fraction (XRD) analysis, X-ray fluorescence analy-
sis and scanning electron microscopy (SEM).
Thin sections of the sandstones and mudstones
were impregnated with blue resin to highlight poros-
ity. In addition, they were stained with Alizarin
Red S and K-ferricyanide to aid carbonate mineral
detection.
To separate the clay fraction (,2 mm) from
the sandstones and mudstones, the inner part of
the core was first disaggregated manually and the
organic material removed with H2O2, and then
treated with a 400 W ultrasonic probe for 3 min.
The outer part of the core was discarded to avoid
contamination from the drilling mud. Atterberg cyl-
inders were used to separate the ,2 mm fraction;
the ,0.2 mm fraction was obtained by centrifuga-
tion (Tanner & Jackson 1947).
Bulk and clay fraction mineralogies of the
powdered samples were ascertained by XRD using
a Panalytical X’Pert PRO diffractometer (Cu Ka
radiation, 40 kV, 40 mA, step size 0.0167, 5 s per
step). Semi-quantitative mineral estimates of the
bulk sample were made using the method of Sch-
ultz (1964), which has error limits of +10%. Ori-
entated samples of the ,2 mm fraction for XRD
were made by dispersing 8 mg of clay in 1 ml of
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water, pipetting 1 ml of suspension onto a glass
slide and drying at room temperature. The orien-
tated mounts were analysed in an air-dried state
and after vapour solvation with ethylene glycol
(EG) at 608C for 12 h. The proportions of smectite
and illite in the illite–smectite phase were deter-
mined using the 2-theta method described by Moore
& Reynolds (1997).
The major-element composition of the sandstone
and mudstone samples was analysed using a Philips
PW 2400 X-ray fluorescence spectrometer.
Morphology of authigenic minerals was studied
with a Philips XL 30 ESEM scanning electron
microscope on fractured, gold-coated surfaces of
sandstones.
Results
For the present paper, results of studies of sand-
stone (Gier et al. 2008) and mudstone diagenesis
(Kurzweil & Johns 1981; Horton et al. 1985) of
the Aderklaa 78 well were integrated with new
results from 23 samples of sandstone–mudstone
pairs from similar depths.
Sandstones
Mineralogy and petrology. The fine- to coarse-
grained sandstones (Fig. 3b, c) can be classified
from point-count data as predominately lithic
arkoses to feldspathic litharenites, with subordinate
subarkoses (Gier et al. 2008) and an average sand-
stone composition of Q60 F22 L18. Detrital grains
comprise monocrystalline quartz, feldspar, lime-
stone, dolomite and some ductile lithic grains. The
feldspars are mostly K-feldspars and show variable
degrees of alteration. The replacement of feldspars
by kaolinite is common. Intergranular pores are
partly filled by calcite cement, quartz overgrowths,
clay minerals (illite, illite–smectite, kaolinite and
chlorite) and some minor pyrite (Gier et al. 2008).
Fig. 3.
Colour
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hardcopy
Thin-section photomicrographs, all plane-polarized light: porosity is indicated in light blue. (a) Mudstone
sample 892 m containing a silt layer: flakes of mica, grains of quartz, calcite (red) and Fe-dolomite (blue) within the
brownish clayey matrix and the silt layer are discernible. (b) Sandstone sample 2620.5 m predominantly composed
of quartz, feldspar and calcite (red) grains. The calcite grains dissolve and reprecipitate in situ forming a patchy
cement. (c) Mudstone intercalation within sandstone (sample from 1274.1 m). (d) SEM image of a pore-filling
kaolinite (sample from 2353 m). Qtz, quartz; Glt, glauconite; Cal, calcite; Kln, kaolinite.
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Bulk mineralogy from XRD (Fig. 4) gives a
range of 46–88% quartz, 4–8% feldspar, 4–21%
calcite, 0–18% dolomite and 0–28% clay minerals.
The majority of the bulk samples contain mica
(0–14%), and only some bulk samples contain
smectite, kaolinite and chlorite.
In the following, we use the term mica for well-
crystallized detrital 10 A˚ minerals (mostly musco-
vite) occurring in the bulk samples and illite for
the authigenic 10 A˚ mineral found in the clay frac-
tion (less than 2 mm).
Authigenic clay cements in the pores of the
sandstones are illite, mixed-layer illite–smectite,
kaolinite and chlorite (Fig. 5). Expandable smectite,
as part of the mixed-layer illite–smectite, decreases
with depth, from 76% in the shallowest (892 m) to
20% in the deepest sample (2774 m). The quanti-
fication of the clay minerals (Fig. 6a–d) gives
8–54% illite–smectite, 33–71% illite, 3–37% kao-
linite and 5–21% chlorite. Kaolinite shows increas-
ing abundance at depths greater than 2000 m (Figs
3d, 5 & 6c), in accordance with kaolinite data col-
lected with Fourier transform infrared spectroscopy
(FTIR) (Gier et al. 2008, fig. 8d). The illitization
of smectite is also expressed by the transition of a
randomly interstratified (R0) to regular interstra-
tified (R1 ordering) I/S mixed layer at a depth of
2150 m. The percentage of illite layers in the
illite–smectite mixed layer increases, as in the
mudstones, from around 24% at 892 m to 80% at
2774 m (Fig. 5).
Chemistry. The bulk chemical composition of
the sandstones (Fig. 7) reflects their mineralogy
(compare Figs 4–7). They contain 55–84% SiO2,
2–8% Al2O3, 1.3–3.6% Fe2O3, 0.5–4.9% MgO,
4–13% CaO, 0.4–1.34% Na2O and 0.7–1.4%
K2O. The sandstones have been geochemically
classified based on Herron (1988). Most sandstone
samples plot into the fields of sublitharenites, with
lesser subarkoses and litharenites (Fig. 8): this
is broadly in agreement with results from point-
counting. It has to be mentioned that geochemical
data were only available for sandstones from the
sandstone–mudstone pairs and that they only con-
stitute a subset of the overall sandstone samples.
Mudstones
Mineralogy and petrology. By grain size, the mud-
stones can be characterized as clayey siltstones
(Kurzweil & Johns 1981). Bedding-parallel musco-
vite flakes and silt-sized quartz and carbonate grains
can be identified in thin sections of mudstones
(Fig. 3a, c). Bulk mineralogy of mudstones was
determined by XRD (Fig. 9). The constituent miner-
als are broadly similar to the sandstones but the rel-
ative abundance of individual minerals is different.
As in the sandstones, the main components are
quartz (16–37%), feldspar (3–10%), calcite (7–
20%), dolomite (2–13%) and clay minerals (35–
69%). Amongst these, mica is the most abundant
(17–32%), followed by smectite (0–30%), chlorite
(0–15%) and kaolinite (0–9.4%).
The clay fraction (,2 mm) of the mudstones is
broadly similar to the sandstones at any given
depth and the clay fraction shows similar changes
with depth (Fig. 6). The only notable exception
is kaolinite (Fig. 6c). The mudstones contain 5–
62% illite–smectite, 26–68% illite, 3–13% kaolin-
ite and 3–16% chlorite. The fine clay fraction
(,0.2 mm) of the mudstones is dominated by
Fig. 4. Bulk mineralogy of sandstone samples from XRD: S at the end of the depth value stands for sandstone.
K-Fsp, K-feldspar; Plag, plagioclase.
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mixed-layer illite–smectite. The main clay mineral
transformation with depth, the change from smectite
to illite involving mixed-layer illite–smectite inter-
mediates, is also observed. The percentage of illite
layers in the illite–smectite mixed layer increases,
as in the sandstones, from 25% at 780 m to 84% at
2803 m (Fig. 10).
Chemistry. In contrast to their mineralogical compo-
sition (Fig. 9), the bulk chemical composition of the
mudstones is broadly homogeneous (Fig. 11). They
contain 45–54% SiO2, 10–17% Al2O3, 4–6%
Fe2O3, 2.3–4.4% MgO, 6–12% CaO, 0.7–1.2%
Na2O and 2.2–3.5% K2O. The loss on ignition var-
ies between 10 and 18%. When geochemically clas-
sified, the mudstones plot into the shale and wacke
fields (Herron 1988) (Fig. 8), and show only a
minor scatter.
Based on literature data, the total organic car-
bon (TOC) values of the mudstones vary from
0.22 to 2.04%, with a mean value of 0.81% (Johns
& Hoefs 1985).
Discussion
Depth-related variations in bulk mineralogy
and geochemistry
A number of indices for sandstones and mud-
stones have been calculated and plotted to better
highlight changes in mineralogy and chemistry.
The majority of them show no significant variations
with depth in either the sandstones or the mudstones
(e.g. TiO2/(TiO2+Al2O3), TiO2/(TiO2+ Fe2O3),
quartz/(quartz+K-feldspar+ plagioclase), Fe2O3/
(Fe2O3+Al2O3) and MnO/(MnO+ Fe2O3)).
Al2O3 and TiO2 are refractory oxides and are
highly resistant to weathering. They are also partic-
ularly immobile during diagenesis because they are
relatively insoluble in common pore fluids (Ander-
sson & Worden 2004; Andersson et al. 2004).
Changes in the ratios of these elements might,
thus, be indicative of changes in sediment prove-
nance. Absolute amounts of TiO2 and Al2O3 may
vary because of dilution by quartz, calcite or dolo-
mite. For this reason, a ratio of the two has been
used. The TiO2/(TiO2+Al2O3) ratio is nearly
constant for the studied mudstones (Fig. 12a), indi-
cating a broadly uniform sediment provenance. Var-
iations of this ratio in the sandstones are caused by
local differences in the feldspar content that have
an effect on Al2O3 (Fig. 12a).
Similarly, the ratio of quartz/(quartz+K-
feldspar+ plagioclase) (Fig. 12b) remains constant
with depth and supports the concept of a uniform
sediment provenance.
The MgO/(MgO+ Fe2O3) index shows a sig-
nificant increase upsection (with decreasing depth)
in both mudstones and sandstones (Fig. 12c). This
coincides with a decrease in the calcite/(calcite+
dolomite) ratio in both sandstones and mud-
stones (Fig. 12d). This relative decrease of calcite
v. dolomite upsection indicates both a change in
sediment input and a diagenetic overprint. This is
Fig. 5. X-ray diffraction patterns of orientated, ethylene glycol (EG)-saturated clay fractions of sandstones
from different depths. Illitization of smectite is increasing with depth, kaolinite is dominant in the deeper samples.
I/S, illite–smectite; I, illite; K, kaolinite; C, chlorite; R0, randomly interstratified; R1, ordered.
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Fig. 6.
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Comparison of clay mineral distribution in sandstones (red dots) and mudstones (green squares) with depth:
(a) illite–smectite; (b) illite; (c) kaolinite; and (d) chlorite.
Fig. 7. Bulk chemistry of sandstone samples. LOI, loss on ignition; S after the depth value stands for sandstone.
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in accordance with microscopic observations in
the sandstones, where a larger amount of dolo-
mite clasts relative to calcite clasts can be seen in
the shallower samples. The deeper samples contain
more calcite than dolomite clasts and, in addition,
are calcite cemented.
From the base of the section, the Na2O/(Na2O+
K2O) ratio for sandstone decreases upwards, while
the ratio increases upwards in mudstones, up to
about 1750 m (Fig. 12e). In the shallower section,
the Na2O/(Na2O+K2O) ratio stays constant,
and is approximately the same for the sandstones
and mudstones (Fig. 12e). The sandstones seem to
have lost K2O in the deeper section relative to the
shallow section (Fig. 12f), presumably because of
the dissolution of K-feldspar in the older and high-
temperature sediments. This change coincides with
the depth interval where the authigenic kaolinite
is seen to increase (Fig. 6c). In order to establish
whether this K2O had an effect on the illitization
of smectites in adjacent mudstones, the ratios of
Na2O/(Na2O+Al2O3) and K2O/(K2O+Al2O3)
were used (Fig. 12f). While Na2O increases only
slightly upsection in the mudstones and stays
Fig. 8.
Colour
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hardcopy
Geochemical classification of the Aderklaa samples after Herron (1988). The mudstones (squares) plot in the
shale to wacke fields; the sandstones (circles) in the sublitharenite to litharenite fields.
Fig. 9. Bulk mineralogy of mudstones from XRD; M after the depth value stands for mudstone. K-Fsp; K-feldspar;
Plag, plagioclase.
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constant with depth for the sandstones, the increase
in K2O upsection in the sandstones is significant.
However, K2O is roughly constant with depth for
the mudstones (Fig. 12f). This suggests that the
sandstones did not contribute K2O to the mudstone
for illitization.
The chemical index of alteration (CIA ¼ (Al2O3/
(Al2O3+ CaO*+Na2O+K2O)): Nesbitt & Young
1982) can be an indicator of major-element changes
resulting from weathering and the conversion of
feldspars and other labile components to clay miner-
als. For mudstones, it has previously been used
to characterize the degree of weathering of the
sediment-source region and varying hinterland ter-
rains (Andersson & Worden 2004). The CIA can
also be interpreted to represent the degree of diage-
netic alteration and material loss from the sand-
stones during diagenesis. To remove the effects of
the high carbonate content of the Aderklaa sedi-
ments, the CIA has been calculated without CaO.
The Aderklaa sandstone samples show decreased
alteration upsection (Fig. 12g). In unburied sedi-
ments that are not diagenetically altered, this
would be interpreted as a loss of alkali elements
by increased weathering: in our case, this ‘CIA’
index is interpreted to reflect the greater degree of
Fig. 10. X-ray diffraction patterns of orientated, ethylene glycol (EG)-saturated fine clay fractions of mudstones
from different depths. Illitization of smectite is increasing with depth. I/S, illite–smectite; I, illite; K, kaolinite;
C, chlorite; R0, randomly interstratified; R1, ordered.
Fig. 11. Bulk chemistry of mudstone samples. LOI, loss on ignition; M after the depth value stands for mudstone.
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diagenetic alteration of feldspar in the deeper sand-
stones than in the shallower sandstones.
Comparison of clay mineralogy and
illitization in sandstones and mudstones
Smectite illitization in sandstones can both be simi-
lar or dissimilar to the equivalent process in adjacent
mudstones (McKinley et al. 2003). Key controls are
the initial rock mineralogy and composition, the
local water geochemistry and the higher permeabil-
ity of sandstones compared to mudstones (McKin-
ley et al. 2003).
Hugget (1996) showed the detrital and authi-
genic mineralogies of Paleocene sandstones and
mudstones of the Central North Sea to be quite sim-
ilar, the only difference being the relative propor-
tions of the clays.
Niu & Ishida (2000) and Niu et al. (2000)
reported a slower rate of illitization in sandstones
compared tomudstones. This is in line with observa-
tions by, for example, Boles & Franks (1979) and
Howard (1981) from Palaeogene sandstones in the
Gulf ofMexico. They showed a higher smectite con-
tent in the illite–smectite mixed-layer clay in the
sandstones. The slower illitization rate in the sand-
stones could possibly be explained by different
initial types of smectite in the sandstones and mud-
stones: a low-charged and a high-charged type,
respectively. The smectites in the sandstones were
formed by authigenesis during burial, and thus
grew in equilibrium with the pore fluids, whereas
the smectites in the mudstones could be largely
derived from weathered illite (McKinley et al.
2003). The smectites derived from weathered illite
in the mudstones are higher charged than the authi-
genic smectites in the sandstones. For higher
charged smectite, the uptake of potassium is easier
(Gier et al. 1998) and, thus, the illitization process
might be faster in the mudstones.
Fig. 12.
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(a) TiO2/(TiO2+Al2O3), (b) quartz/(quartz+K-feldspar+ plagioclase), (c) MgO/(MgO+ Fe2O3),
(d) calcite/(calcite+ dolomite), (e) Na2O/(Na2O+K2O), (f ) Na2O/(Na2O+Al2O3) and K2O/(K2O+Al2O3) and
(g) Al2O3/(Al2O3+Na2O+K2O) (also known as the chemical index of alteration (CIA)) ratios from sandstones
and mudstones.
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In a hydrothermal setting, sandstones displayed a
higher rate of illitization compared to adjacent mud-
stones (Hillier et al. 1996). There, higher permeabil-
ity in the sandstones allowed the circulation of
hydrothermal fluids and resulted in higher tempera-
tures in the sandstones. A higher rate of illitization
in sandstones caused by higher permeability and
porosity was also reported by Ko & Hesse (1998).
In the Aderklaa sandstone–mudstone sequence,
the illitization of the illite–smectite mixed-layer
mineral has progressed faster (more extensively)
in the sandstones than in the mudstones (Fig. 13).
We explain this as being a consequence of the
higher porosity and permeability of the sandstones
that allowed faster advection of the pore fluid (or
faster diffusion within the better-connected pore
fluid). In comparison, there is less smectite but
more illite, chlorite and kaolinite in the sandstone.
The faster fluid flow (or diffusion) in the sandstones
relative to the mudstones is also documented in the
comparative clay mineral plots of illite–smectite,
illite, chlorite and kaolinite (Fig. 6a–d). Kaolinite
authigenesis has progressed more in the sandstones
compared to the mudstones. In Aderklaa 78, this in-
crease in kaolinite content coincides exactly with
the depth interval with the largest amount of K-
feldspar (Gier et al. 2008). In this sandstone interval
with an elevated K-feldspar content, alteration
because of fluid flow or diffusion is demonstrably
greater than in the mudstones. The dissolution of K-
feldspar also provides K- and Al-ions, which are
necessary for the illitization of smectite (Hower
et al. 1976). This is another possible factor acceler-
ating the illitization in the sandstones. The lower
fluid flow or diffusion rate in the mudstone samples
of Aderklaa 78 is also supported by their bulk
Fig. 13.
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Comparison of illitization trends of interbedded sandstones and mudstones. R0, randomly interstratified;
R1, ordered.
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composition, which shows no significant variation
with depth (Figs 11 & 12) even though their clay
mineralogy is quite different (Fig. 9). This indicates
a closed system for the diagenetic changes within
the mudstones. The process of conversion of smec-
tite into illite layers is, thus, dependent on lithology
because it has progressed by a transformation pro-
cess in the mudstones within a restricted chemical
system and by a dissolution–precipitation process
in the sandstones within a more open chemical sys-
tem (Clauer et al. 1999).
There is a reversal in the illitization trend at a
depth of around 2700 m (Fig. 13). Kurzweil &
Johns (1981) interpreted this to be the result of the
variation in composition of the subsurface pore
fluids. In areas adjacent to Aderklaa 78, pore fluids
within underlying Triassic dolomites have an un-
usually high Mg content that increases upwards
and also within the basal sediments of the Neogene
basin fill (Kurzweil & Johns 1981). Generally, illiti-
zation with depth is a function of temperature and
the availability of K-ions supplied by pore waters
(Hower et al. 1976). A highMg content within pore-
fluids would promote the stability of smectite rela-
tive to illite. Another explanation for the reversal
in illitization could be early carbonate cementation.
Samples from the lowermost part of the Aderklaa
Formation (.2500 m) show a high degree of car-
bonate cementation. This coincides with a deviation
in the illitization trend (Fig. 13). Carbonate cemen-
tation causes a reduction in porosity and permeabil-
ity, and results in a decrease in supply of the K and
Al ions necessary for illitization. The substantial
influence of permeability on illitization was also
shown by Ramseyer & Boles (1986), who described
early carbonate cementation in sandstones having
retarded the illitization process, probably by imped-
ing the transport of Al and K ions to and from the
reaction sites.
Effects of different depositional
environments on clay mineral assemblage
and illitization
Three factors are particularly important in determin-
ing the clay mineral assemblages exhibited by alter-
nating mudstones and sandstones (Jeans 1989): (1)
the mineralogical and chemical nature of the detrital
and colloidal sediment load; (2) the extent to which
individual components within this load are segre-
gated by variations in the depositional energy of
the environment at the point of sedimentation and
by the effects of differential flocculation; and (3)
the variations in the chemistry of the depositional
fluids and the diagenetic formation water.
Sediments in Aderklaa 78 were deposited in a
variety of environments ranging, from the bottom
to the top of the sedimentary sequence, from limnic-
fluviatile to lacustrine, fully marine, to restricted
marine and brachyhaline, and back to limnic.
Based on regional geology, mineralogy (Fig. 12b)
and geochemistry (Fig. 12a), a common and rather
uniform source area can be interpreted for the alter-
nating mudstones and sandstones in Aderklaa 78.
Regionally, the source area did not fundamentally
change duringMiocene sedimentation in the Vienna
Basin (Kurzweil & Johns 1981). From heavy min-
eral analyses, Wieseneder (1953) and Wieseneder
& Maurer (1958) interpreted only minor changes
of the sediment provenance (source area) for the
Vienna Basin. In general, the heavy mineral assem-
blages can be related to erosional processes within
the Alps and, to a lesser extent, the Bohemian
Massif. The mineralogical decrease in calcite
(Fig. 12d) and the increase in the MgO/(MgO+
Fe2O3) ratio (Fig. 12c) upsection, in both sandstones
and mudstones, can be explained by a primary dep-
ositional control combined with a diagenetic over-
print, where the younger sediments have a higher
input of dolomite clasts, and the older sediments
are richer in limestone clasts and, in addition, are
calcite cemented.
The higher K-feldspar content in the limnic-
fluviatile Karpatian Aderklaa Formation (Gier
et al. 2008) can presumably be attributed to a higher
sediment input from the Bohemian Massif, where
weathering and erosion of granitic and gneissic
rocks took place. Alteration of this detrital K-
feldspar in the sandstones leads to the authigenesis
of kaolinite, possibly by interaction with acidic
water from thermal maturation of organic matter
(Marfil et al. 2003). This explains the higher kaolin-
ite content in the clay fraction of the sandstones at
depths greater than 2000 m. However, the different
depositional environments identified in the core do
not have a major influence on the overall illitization
trend of smectite.
Conclusions
† In relation to depth, the illitization of the
illite–smectite mixed-layer mineral has pro-
gressed faster in the sandstones than in the
mudstones.
† Illitization of smectite took place in a rela-
tively open system in the sandstones and in a
closed system in the mudstones. The sandstones
lost bulk K2O with increasing depth, in contrast
to the mudstones where bulk K2O remains
roughly constant with depth. The sandstones
apparently did not donate K2O to the mudstones
for illitization.
† The higher permeability of the sandstones com-
pared to the mudstones is also expressed by the
COMPARING CLAY MINERAL DIAGENESIS
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
higher kaolinite content, which was caused by
accelerated alteration of feldspar in the sand-
stones compared to the mudstones.
† Based on regional geology, sedimentary petrol-
ogy, heavy mineral analyses and geochemistry,
a common source area is interpreted for the stud-
ied sediments. The younger sediments had a
higher input of dolomite clasts, while the older
sediments are richer in limestone clasts and
K-feldspar.
† The variety of depositional environments, from
limnic-fluviatile to marine, did not have a
major influence on the illitization process.
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